Self-assembled iron silicide nanowires were formed by depositing 1 ML of Fe onto Si͑110͒ at 700°C in ultrahigh vacuum. The nanowires have average dimensions of 5 nm high ϫ10 nm wide ϫ m long, as measured with ex situ atomic force microscopy. High-resolution electron microscopy identifies the crystal structure as cubic FeSi 2 with orientation FeSi 2 ͑111͒ / /Si͑111͒, FeSi 2 ͗110͘ / /Si͗110͘. Magnetometer measurements show a magnetic moment of 0.3 Bohr magneton per iron atom at 2 K. This magnetic property in metastable cubic FeSi 2 nanowires opens up the possibility for high-density data storage and logic applications.
The structure and properties of Fe-Si disilicide phases are shown in Table I; 5,7 metastable ␥, and s phases are denoted by star. 8 Transition-metal silicides are widely used as contacts and interconnects in current microelectronics 9 and potential optoelectronic devices. 10 As continuing miniaturization encounters the limits of lithography, self-assembled structures become more and more attractive. Silicide nanowires ͑NWs͒ in particular may find application as low-resistance interconnects, or as nanoelectrodes for attaching small electrically active structures. Silicide NWs were reported for rare-earth metals on Si͑100͒ [11] [12] [13] The NW shape is thought to result from an anisotropic lattice mismatch that is small ͑Ͻ1%͒ in the long direction and large ͑Ͼ5%͒ in the short direction. Silicide NWs have since been observed in other systems, such as Pt/ Si͑100͒, 14 Ti/ Si͑111͒, 15, 16 and Yb/ Si͑100͒. 17 He et al. have described an "endotaxial" growth mechanism that applies to a range of transition metals on Si͑100͒, Si͑110͒, and Si͑111͒. 18 This mechanism involves growth of the silicide into the substrate and does not involve anisotropic lattice mismatch. The FeSi 2 NWs reported here appear to be examples of this type of growth.
In this paper, we report the formation of epitaxial iron silicide NWs with nominal dimensions: 5 nm high ϫ10 nm wide ϫ m long. The morphology, crystal structure, and epitaxial orientation are determined using atomic force microscopy ͑AFM͒ and high-resolution transmission electron microscopy ͑HRTEM͒. The NWs are identified as cubic phase FeSi 2 and are shown to have a magnetic moment of 0.3 Bohr magneton per iron atom at 2 K. This result opens up the possibility for self-assembled single-crystal magnetic NWs on silicon. Ordered arrays of such magnetic NWs could facilitate fundamental studies of nanoscale magnetism as well as possibly enabling high-density information storage.
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Si͑110͒ samples ͑phosphorous-doped, ϳ10 ⍀ cm, miscut angle Ͻ0.5°͒ were cleaned in ultrahigh vacuum by degassing for 12 h, followed by flashing multiple times at 1250°C for several seconds, using resistive heating. Iron a͒ Electronic mail: shengde.liang@asu.edu was deposited by sublimation from a 4N-purity iron wire onto the heated silicon substrate; this is so-called reactive deposition epitaxy ͑RDE͒. Coverage was determined in situ using a crystal thickness monitor, with an accuracy of 20%. Coverage values are given in monolayer ͑ML͒ units, where 1 ML= 4.78ϫ 10 14 iron atoms/ cm 2 . Temperature was determined using an optical pyrometer ͑emissivity= 0.4͒, with an accuracy of ±20°C. AFM images were obtained using a Digital Instruments NanoScope III in tapping mode. A JEOL 4000EX high-resolution electron microscope was used for electron diffraction and imaging. Magnetic properties were measured using an MPMS XL5-AC superconducting quantum interference device ͑SQUID͒ magnetometer at Quantum Design, San Diego, CA.
The morphology of the NWs was shown to depend on several parameters, including silicon surface steps, growth temperature, metal deposition rate, and time. The dependence on growth temperature is shown in Fig. 1 , with the coverage and deposition time held approximately constant at 1 ML and 2 min, respectively. The NWs have a single orientation, along Si͗110͘. Over the temperature range from 640 to 750°C, the NW width is in the range of 10-20 nm. The length varies with growth time and nucleation density. From the pattern of step flow, it appears that the NWs are not impeded by encounters with steps -they simply push the step ahead at both ends. Lengths in excess of 5 m are readily attained. At 590°C, the NWs are short and indistinct due to high nucleation density; at 790°C, the NWs are approximately 25 nm wide and have more distinct trenches around them due to the increased consumption of Si during growth at this temperature.
The temperature dependence of the NW number density, holding the deposition rate constant at 0.5 ML/ min, is shown in Fig. 2 as an Arrhenius plot. The strong temperature dependence suggests that the NWs nucleate homogeneously with a critical cluster size larger than one atom. We have shown elsewhere that classical nucleation theory may be applied to a two-component reactive system such as this. 20, 21 According to conventional nucleation theory; 20,21 the density of stable nuclei n x for two-dimensional ͑2D͒ island growth in the complete condensation regime is given by
where is a dimensionless number near unity, F is the deposition flux, D 0 is the surface diffusion prefactor, i is the number of atoms in the critical cluster, and E * = ͑iE d + E b ͒ / ͑i +2͒ is a weighted sum of diffusion activation energy E d and cluster binding energy E b . The diffusion prefactor may be written as D 0 = ͑a 0 2 0 ͒ / 4, where a 2 is the unit-cell area and 0 is an attempt frequency. A cluster containing more than i atoms is regarded as stable on the surface. Such stable clusters can increase their numbers of atoms by capturing other single atoms on the surface or by direct condensation. Thus, the density of stable islands will follow Eq. ͑1͒. The data have been fitted to this equation, which yields an activation energy of 1.8± 0.15 eV. This energy corresponds to a weighted sum of diffusion and cluster binding energies of the moving species.
An HRTEM micrograph showing the cross section at a typical NW is presented in Fig. 3 . From this image, we identify lattice planes with spacings of 2.68 and 1.90 Å ͑±1 % ͒ separated by an angle of 90± 2°. These match well with ͑002͒ and ͑220͒ of ␥-FeSi 2 , which have theoretical unstrained bulk spacings of 2.69 and 1.91 Å, respectively. The measured spacings are also consistent with s-phase FeSi 2 , but not with the tetragonal or orthorhombic phases. The ␥ and s phases are both cubic ͑fcc vs bcc, respectively͒ and have lattice parameters that differ by only 0.2%. This difference cannot be resolved in the experiment, and the silicide lattice might easily be strained by this amount. Theoretically, the two phases can be distinguished, however, based on their magnetic response. Calculations suggest that the ␥ phase is magnetic with 0.3 Bohr magneton per iron atom. 6 There are no direct measurements of the magnetic response so far, but Hall measurements in thin films are consistent with this calculation. 22 The s phase ͑CsCl structure͒ is confirmed as nonferromagnetic by x-ray magnetic circular dichroism and magneto-optic Kerr effect measurement. 23 But strain and nonstoichiometry can affect magnetism, so we only concluded this NW as metastable cubic FeSi 2 with an epitaxial relationship of FeSi 2 ͑111͒ / /Si͑111͒ and FeSi 2 ͓110͔ / /Si͓110͔. The NW is unstrained, within the uncertainty of 1%. This NW, like all other NWs observed, is mostly buried in the substrate, a signature of endotaxial growth. 18 In this image, one side of the NW has a welldefined habit plane, while the other side does not.
The ␥ phase was discovered and named by Onda et al.
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It is metastable, but can be formed in thin films on Si͑111͒ using molecular-beam epitaxy. The cubic silicide/silicon interface for the NWs is the same as for thin films on Si͑111͒, where the lattice mismatch is −0.8% and isotropic. We infer that a good epitaxial match stabilizes the cubic phase in the NWs. For films of 1.5 nm thickness, the cubic phase converts irreversibly to the semiconducting ␤ phase ͑5% lattice mismatch͒ upon annealing to 500°C. 22 The same phase transition occurs in the NWs, but at a higher temperature, which we will report elsewhere.
The magnetic response for a sample with NWs grown at 700°C is shown in Fig. 4 . The magnetic field was applied parallel to the NW long axis. The diamagnetic response of a clean Si sample has been subtracted. This M-H curve shows a clear hysteresis at 2 K with a saturation magnetization of 1.2ϫ 10 −6 emu and a coercive field of 30 Oe. Based on the average coverage of 1 ML and the sample area of 0.5 cm 2 , this corresponds to a magnetic moment of 0.3± 0.1 Bohr magneton per iron atom. This measurement agrees closely with the theoretically calculated value of 0.3 B for unstraind ␥-FeSi 2 . 6 This should be regarded as a fortuitous agreement, since the crystal structure ͑e.g., ␥ vs s phase, in this case͒ and magnetic response in a thin film and/or nanostructured materials can be strongly affected by strain and nonstoichiometry.
In summary, we grew FeSi 2 NWs with cubic structure on silicon ͑110͒ by RDE at 700°C. The self-assembled nanowires have average dimensions of 5 nm high ϫ10 nm wide ϫ m long. Since lattice mismatch between cubic FeSi 2 and silicon is isotropic, endotaxial growth mechanism applied, which is similar to CoSi 2 , NiSi 2 NWs. Temperaturedependent growth of NWs shows it follows conventional nucleation theory. SQUID measurements show a magnetic moment of 0.3 Bohr magneton per iron atom at 2 K. This result opens up the possibility for self-assembled singlecrystal magnetic NWs on silicon. Ordered arrays of such magnetic NWs could facilitate fundamental studies of nanoscale magnetism as well as possibly enabling high-density information storage. 
